The flower of rice diverged from those of model eudicot species such as Arabidopsis, Antirrhinum, or Petunia, and is thus of great interest in developmental and evolutionary biology. Specific to grass species, including rice, are the structural units of the inflorescence called the spikelet and floret, which comprise grass-specific peripheral organs and conserved sexual organs. Recent advances in molecular genetic studies have provided an understanding of the functions of rapidly increasing numbers of genes involved in rice flower development. The genetic framework of rice flower development is in part similar to that of model eudicots. However, rice also probably recruits specific genetic mechanisms, which probably contribute to the establishment of the specific floral architecture of rice. In this review, the molecular genetic mechanisms of rice flowering are outlined, focusing on recent information and in comparison with those of model eudicots.
Introduction: What is 'flowering' in rice?
Rice (Oryza sativa L.) is one of the most fascinating model species in which to investigate flower development because it has a unique structure of the inflorescence and flower that has greatly diverged from those of model eudicots (e.g. Arabidopsis thaliana, Antirrhinum majus, and Petunia). In particular, the panicle, the inflorescence of rice, is composed of a grassspecific structural unit, the spikelet. Furthermore, many genetic and genomic resources have enabled detailed elucidation of the molecular mechanisms of rice flower development (Supplementary Table S1 available at JXB online).
In rice, the term 'flowering' has several meanings, including inflorescence initiation, development of the flower structure, panicle extrusion (heading), and flower opening (anthesis). In this review, the focus is on development of the floral structure, with a brief examination of inflorescence initiation, heading, and flower opening.
The floral architecture of grass species is very different from that of eudicots. The structural units of the grass flower are spikelets and florets. The spikelet is the primary unit of the grass inflorescence, and it comprises glumes (bract-like organs) and florets. The floret consists of a pair of bract-like organs (lemma and palea), lodicules (equivalent to eudicot petals), stamens, and a carpel. Both lemma and palea are grass-specific organs, but their identities are still controversial (see below).
The number of florets in a spikelet varies among grass species. In rice, one spikelet contains a fertile floret and a pair of sterile lemmas (also called 'empty glumes'), subtended by a pair of highly reduced glumes called rudimentary glumes (Fig. 1) . The sterile lemma is usually not observed in other grass spikelets except for those of Oryza and some other grass species, and its identity is controversial (Stapf, 1917; Arber, 1934; Hoshikawa, 1989; Bell, 1991; Takeoka et al., 1993) . However, recent studies provided molecular evidence to show that the sterile lemma is derived from the lemmas of two lower sterile florets as follows. (i) Overexpression of a SEPALLATA-like rice MADS-box gene, LEAFY HULL STERILE1 (LHS1)/ MADS1, causes transformation of sterile lemma into lemma-like organs (Prasad et al., 2001) ; (ii) comparative analysis of frizzy panicle (fzp) and the maize branched silkless1 (bd1) mutant revealed that rice rudimentary glumes are the equivalents of the glumes of other grass species, and hence, the 'empty glumes' correspond to sterile lemmas (Komatsu et al., 2005 ; for details, see below); and (iii) the sterile lemmas are derived from the lemmas which have been reduced through the function of the LONG STERILE LEMMA1 (G1) gene during the evolution of Oryza . Thus, this organ should be referred to as a 'sterile lemma' rather than an 'empty glume'.
Control of reproductive meristems in rice
The first step of rice reproductive development is specification of the inflorescence meristem (IM), which is sequentially followed by that of the branch meristem (BM), spikelet meristem (SM), and floral meristem (FM) (Fig. 1A) . Starting from IM initiation induced by the accumulation of rice florigen, the Hd3a and RFT1 proteins (Tamaki et al., 2007; Komiya et al., 2008) , spatiotemporally coordinated transitions among these reproductive meristems, determine the shape of the rice panicle. Several genes related to the maintenance of the reproductive meristems have been reported. Mutations in the FLORAL ORGAN NUMBER1 (FON1) and FON2 (also called FON4) genes cause enlargement of floral meristems, resulting in an increase in the number of all floral organs. FON1 is closely related to Arabidopsis CLAVATA1 (CLV1), which encodes a leucinerich repeat (LRR) receptor-like kinase (Suzaki et al., 2004) , whereas FON2 encodes a CLE protein related to Arabidopsis CLV3 (Chu et al., 2006; Suzaki et al., 2006) . In Arabidopsis, CLV1 and CLV3, together with CLV2 (an LRR protein), consisting of the CLV signalling pathway, restrict the WUSCHEL (WUS) gene expression domain to maintain shoot and floral meristems. Although the function of the rice CLV2 homologue has not been identified, mutations in a CLV1 homologue, thick tassel dwarf1 (td1), and a CLV2 homologue, fasciated ear2 (fea2), also result in larger IMs and possibly FMs in maize, suggesting that the similar composition of the CLV pathway also regulates meristem size in grass species (Taguchi-Shiobara et al., 2001; Bommert et al., 2005; . However, in contrast to the function of Arabidopsis CLV1/2/3 genes that control maintenance of both the shoot apical meristem (SAM) and FM, the function of FON1/td1, fea2, and FON2 is mainly restricted to reproductive meristems, suggesting diversification of the CLV pathways between Arabidopsis and grass species. Interestingly, another CLV3-related gene, FON2-LIKE CLE PROTEIN1 (FCP1), regulates vegetative meristems in rice, providing another example of evolutionary diversification of the CLV pathway (Suzaki et al., 2008) . Both LONELY GUY (LOG) and GRAIN NUMBER1 (GN1) are involved in the cytokinin (CK) pathway. LOG encodes a CK-activating enzyme, whereas GN1 encodes a CK oxidase (CKX2) that degrades CK. Thus, mutations in LOG result in a decrease of active CK in the meristem to cause small meristems (SAM, IM, BM, SM, and FM), whereas mutations in GN1 result in CK accumulation and cause an increase in IM size and grain (spikelet) number. LOG is thought to regulate shoot meristem maintenance (Kurakawa et al., 2007) , and GN1 regulates the duration of the IM (Ashikari et al., 2005; Ikeda et al., 2007) . Upregulation of SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE14 [SPL14; also known as WEALTHY FARMER'S PANICLE (WFP) or IDEAL PLANT ARCHITECTURE1 (IPA1)], which is negatively regulated by miR156, also increases the number of panicle primary branches, possibly by controlling the size of the IM, although its molecular mechanism is unknown (Jiao et al., 2010; Miura et al., 2010) .
Spikelet development in rice
In Arabidopsis, LEAFY (LFY), APETALA1 (AP1), SEPAL-LATA3 (SEP3), and UNUSUAL FLORAL ORGANS (UFO) play important roles in specification of the FM. Rice spikelet identity is specified by the orthologous genes, but their functions are diverged from those in Arabidopsis. ABER-RANT PANICLE ORGANIZATION1 (APO1), encoding an F-box protein orthologous to UFO, is proposed to promote cell proliferation in aerial meristems, including the BM, and regulate the timing of meristem transitions (Ikeda-Kawakatsu et al., 2009) . Loss-of-function alleles of apo1 show earlier conversion of IM and BM into SM, resulting in a reduced number of primary branches and spikelets (Ikeda et al., 2005) . In contrast, gain-of-function mutants and transgenic plants with an increased level of APO1 expression show delayed conversion of IM/BM into SM, resulting in an increased number of primary branches and spikelets (Ikeda et al., 2007; Ikeda-Kawakatsu et al., 2009) . These results indicate that APO1 positively regulates spikelet numbers by suppressing precocious conversion of IM/BM to SM (Ikeda et al., 2007; Ikeda-Kawakatsu et al., 2009) . In Arabidopsis, UFO is proposed to activate LFY to promote FM fate through direct protein interaction in a proteasome-dependent manner (Chae et al., 2008) . Similar mechanisms that promote transcriptional activity by accelerating turnover of transcription factors via proteasome-dependent degradation have been proposed, although these mechanisms are still debated (Muratani et al., 2005; Kodadek et al., 2006; Nalley et al., 2006) . Considering that down-regulation of the rice LFY homologue RICE FLORICAULA/LEAFY (RFL) causes a reduction in panicle branches (Rao et al., 2008) , the APO1-RFL interaction may be required for SM specification at the appropriate time.
In contrast, overexpression of RICE CENTRORADIA-LIS1/2 (RCN1/2) genes, homologous to Arabidopsis TER-MINAL FLOWER1 (TFL1), delays transition to the reproductive phase in rice, suggesting their role in suppressing floral fate (Nakagawa et al., 2002) . Consistently, downregulation and overexpression of RFL cause an increase and reduction of RCN2 transcripts, respectively, suggesting antagonistic action between RFL and RCN genes in spikelet meristem specification (Rao et al., 2008) . PANICLE PHY-TOMER2 (PAP2)/MADS34, which belongs to the LOF-SEP subgroup of SEP-like MADS-box genes, is another gene controlling spikelet identity in rice (Gao et al., 2010; Kobayashi et al., 2010) . Mutations in PAP2 cause a disorganized pattern of panicle branching and a reduction in competency to become an SM, resulting in the transformation of early arising spikelets into rachis branches. Subsequently, the number of primary branches per panicle and the total number of spikelets per panicle are increased. These phenotypes are consistent with its expression pattern starting from the early stage of IM development (Kobayashi et al., 2010) . In Arabidopsis, expression of SEP3 is continuously repressed by the redundant activity of FLC, SOC1, AGL24, and SVP during the vegetative phase, and the repression is released by AP1 through repressing the redundant repressors after the transition to the reproductive phase (Liu et al., 2007 Deng et al., 2011) . Thus, SEP3 acts at a later stage of flower development to activate transcription of B-and C-class genes, possibly by interacting with LFY . Although the function of other Arabidopsis SEP genes in earlier stages of floral development is unclear, the role of PAP2 in the SM specification may suggest a specific role for LOFSEP genes that diverged from those of SEP3 family genes.
Floret development
The ABC model in model eudicots and expression patterns of rice MADS-box genes A central model simply explaining the genetic mechanism in flower development is the so-called 'ABC' model. This elegant model was established based on observations of earlier flower mutants in two model eudicot species, Arabidopsis and A. majus (Coen and Meyerowitz, 1991) . The basic concept is that these flowers are composed of four layers of ring-shaped regions called 'whorls', and combinations of A-, B-, and C-class gene functions exerted in each whorl specify the floral organ identities. That is, the sepal is specified by Aclass alone in whorl 1, the petal by A-and B-class in whorl 2, the stamen by B-and C-class in whorl 3, and finally, the carpel by C-class alone in whorl 4 ( Fig. 2A) . This model was further extended to the ABCDE (or ABCE) model, including the E-class function encoded by SEP-and AGL6-like genes for development of all floral organs (Theißen and Saedler, 2001; Robles and Pelaz, 2005; Rijpkema et al., 2010) . Additionally, D-class genes closely related to C-class genes specify ovule identity (Angenent and Colombo, 1996) . In Arabidopsis, except for APETALA2 (AP2) as an A-class gene, all of the ABCDE functions are encoded by MADSbox genes. Notably, the A-class function in perianth organ specification is controversial because no recessive A-class mutant has been identified from species other than Arabidopsis, raising the recent proposal of an (A)BC model (Litt, 2007; Causier et al., 2010) . The rice genome encodes sets of genes with significant similarity to the Arabidopsis ABCDE genes, suggesting that a similar genetic mechanism at least in part controls rice floral morphology. The expression pattern of these genes supports this hypothesis, as evidenced by recent genetic studies (see below; Fig. 2B ).
Meristem transition: spikelet to floret
Both fzp and supernumerary bract (snb) mutants show reiterative production of rudimentary glumes. FZP, encoding a potential transcription factor with an ethyleneresponsive factor (ERF) domain, is an orthologue of maize bd1 (Chuck et al., 2002; Komatsu et al., 2003; Lee et al., 2006) . Comparative analysis of fzp with bd1 points to sterile lemmas in rice as counterparts of glumes in other grass species. In the fzp, formation of florets is replaced by sequential rounds of branching, producing rudimentary glumes. Thus, FZP is thought to suppress axillary meristem formation on the SM or promote FM identity.
In contrast, the snb mutants do not show repetitive branching, but instead occasionally make incomplete florets subtended by repetitive rudimentary glumes. This phenotype can be considered as a delay in the transition of the SM to the FM (Lee et al., 2006) . SNB encodes a nuclear protein with two AP2 domains. SNB and another AP2-domain gene, OsIDS1 (LOC_Os03g60430), are thought to be orthologues of maize indeterminate spikelet1 (ids1) and sister of indeterminate spikelet1 (sid1), respectively (Chuck et al., 1998 (Chuck et al., , 2008 Lee et al., 2006; Malcomber et al., 2006) . Because the maize ids1 sid1 double mutant lacks the FM (Chuck et al., 2008) , SNB and OsIDS1 probably have redundant functions in specifying FM identity in rice. Transgenic plants overexpressing MIR172, which inhibits AP2 family genes, have repetitive rudimentary glumes more frequently than snb, implying that SNB and other AP2 family gene(s) (possibly including OsIDS1) are targeted by miR172 and redundantly required for the transition from SM to FM (Zhu et al., 2009) .
Lemma and palea development
The lemma and palea are grass-specific perianth organs that surround the inner floral organs, the lodicule, stamen, and pistil. Identities of the lemma and palea have long been debated, and two opposing interpretations have been proposed (Kellogg, 2000) . In one interpretation, their positions on the axis suggest distinct identities of the lemma and the palea as bract (formed on a spikelet axis) and prophyll (formed on a floret axis), respectively (Arber, 1934; Kellogg, 2001 ). In the other interpretation, the lemma and palea are regarded as modified outer tepals (sepals) (Stebbins, 1951; Bowman, 1997; Preston et al., 2009) . The lemma and palea of rice are similar in their outer morphology; both are onekeeled, and their upper epidermis mostly comprises files of silicified cells with occasional trichomes (Prasad et al., 2005) . However, a few critical differences exist: the lemma has five vascular bundles whereas the palea has three, the palea has membranous regions at its lateral margins (marginal region of palea; mrp) that are not covered with trichomes, and the lateral edge of the lemma is hooked inside and interlocked with the mrp (Nagasawa et al., 2003; Ohmori et al., 2009) . Therefore, which factors specify their identities, and which factors are common between lemma and palea, have been the subjects of great interest.
Although no gene is known to specify the identity of the lemma, but not the palea, DROOPING LEAF (DL) is specifically expressed in the lemma, but not in the palea (Yamaguchi et al., 2004; Ishikawa et al., 2009; Ohmori et al., 2009; Sato et al., 2011) . DL is a member of the YABBY gene family and controls leaf midrib formation and carpel specification in rice (Yamaguchi et al., 2004) . Although DL is expressed in the lemma midrib region (Ishikawa et al., 2009) , how DL is related to lemma development is unknown.
Recently, two genes were reported to function antagonistically to specify the palea. MOSAIC FLORAL ORGANS1 (MFO1)/MADS6 is a member of the AGAMOUS-LIKE6 (AGL6) clade of MADS-box genes that specifies palea identity, along with lodicule identity, ovule development, flower patterning, and FM determinacy in rice Li et al., 2010a) . In mfo1 mutants, mrp is lost and the margin of the abnormal palea shows outgrowth (Fig. 3D, E) . As a result, the abnormal palea has partial lemma activity, as evidenced by an increased number of vascular bundles, expression of DL, and inward curling of the lateral margins. Actually, MFO1 is expressed in palea primordia and mrp but not in the non-mrp region of the palea (body of palea; bop, see Fig. 1B ) Sato et al., 2011) . These observations suggest that MFO1 specifies palea identity by promoting mrp development and suppressing the development of bop .
In contrast, two mutants, retarded palea1 (rep1) and palealess1 (pal1), show the loss/retardation of bop and the overdifferentiation of mrp (Luo et al., 2005; Yuan et al., 2009) . Note that the rep1 abnormal palea also has five vascular bundles, but comprises two wide mrps fused with a reduced bop, and the lateral margins of the rep1 abnormal palea do not show inward curling, suggesting a partial defect in palea identity. Whereas PAL1 has not yet been cloned, REP1, which encodes a TCP-domain protein, is a homologue of CYCLOIDEA (CYC) in A. majus, which controls floral zygomorphy (Yuan et al., 2009) . REP1 is expressed specifically in early stages of palea primordia, but its expression disperses to the lemma, palea, and stamen at later stages. Transgenic plants overexpressing REP1 show reduced mrp and overgrowth of bop, a similar phenotype to that of mfo1 (Yuan et al., 2009) . Considering the partial defect in rep1 palea development, REP1 may not specify palea identity but rather promotes cell proliferation/expansion in bop. Alternatively, any member of the rice REP1 homologues, such as FINE CULM1 (FC1)/TB1 or TCP15 (Minakuchi et al., 2010) , could have a role in palea development redundantly with REP1.
In Poaceae species, expression of AGL6-like genes in the palea is common, and maize bearded-ear (bde)/ZAG3, which is orthologous to MFO1, is also expressed in the palea but not in the lemma (Reinheimer and Kellogg, 2009; . These results suggest that AGL6-like genes may be commonly required for palea specification in grasses. In the case of the rice palea, in which mutations in AGL6-like genes cause a defect not in the bop but in the mrp, it might be a fused organ between mrp and bop, the lemmaequivalent organ . The phenotypes of mfo1, rep1, and pal1 support this hypothesis.
If we hypothesize that the grass palea (rice mrp) is equivalent to the eudicot sepal, the ABCDE model would predict that specification of the palea/mrp requires the combined functions of AP1/FUL-like and SEP-/AGL6-like genes (Rijpkema et al., 2010) . Related to this prediction, loss of a LOFSEP clade of a gene (LHS1) or a FUL-like gene (MADS15) causes defects in palea development (Jeon et al., 2000; Agrawal et al., 2005; Prasad et al., 2005; Wang et al., 2010) . In RNA interference (RNAi) lines of LHS1, mrps are lost in the abnormal palea, as observed in mfo1 (Prasad et al., 2005) . Because LHS1 and MFO1 have a redundant role in regulation of FM determinacy Li et al., 2010a) , these genes may also share redundancy in palea identity specification by promoting mrp development. In contrast, rice MADS15 probably plays a role in establishment of bop, based on a mutant phenotype . Although MADS15 is called DEP (for DEGENERATIVE PALEA) in the paper of Wang, the abbreviation overlaps with the already registered genes, DEP1 (for DENSE AND ERECT PANICLE1) and DEP2 (Huang et al., 2009; Li et al., 2010b) , and thus does not conform to the gene nomenclature system for rice (McCouch and Committee on Gene Symbolization, Nomenclature and Linkage, 2008) . The analysed mutant of rice, MADS15, may be a weak dominant-negative allele because of a missense mutation in the MADS domain, Flower development in rice | 4723 which is reminiscent of an lhs1-1 mutant allele (Jeon et al., 2000) . Further careful analysis is necessary to reveal its role in palea development. In contrast to mfo1, mutants for either LHS1 or MADS15 also show a defect in lemma development. Based on the phenotypes of mutant/RNAi plants, LHS1 seems to play a more prominent role than MADS15 in lemma development (Prasad et al., 2005; Wang et al., 2010) .
OPEN BEAK [OPB: also known as STAMENLESS1 (SL1)/JAG], encoding a C2-H2 zinc-finger protein, and DEGENERATED HULL1 (DH1), encoding an AS2/LOBdomain protein, are required for normal lemma/palea development. Mutants in OPB show suppression of the lateral growth in both lemma and palea to cause the open beak-like lemma/palea phenotype (defects in stamen and vegetative tissues are also observed; Horigome et al., 2009; Xiao et al., 2009; Duan et al., 2010) . Based on the abnormal cell division pattern and ectopic expression of some KNOX genes, OPB is thought to function in cell proliferation (Horigome et al., 2009) . In contrast, although anatomical details of the phenotype are unclear, lemmas and paleas are degenerated to form translucent velum-like, filamentary, or tumour-like organs in dh1 (defects in the lodicule, stamen, and carpel are also observed). Because of its similarity to AS2/LOB-domain genes, DH1 is suggested to function in establishment of polarity (Li et al., 2008) .
Furthermore, recent analyses of causal genes for mutants with degenerated awn-like lemma/palea morphology [i.e. SHOOT ORGANIZATION1 (SHO1; DICER-LIKE4 homologue), SHOOTLESS2 (SHL2; RDR6 homologue encoding an RNA-dependent RNA polymerase), SHO2/ SHOOTLESS4 (SHL4; ARGONAUTE7/ZIPPY homologue), and WAVY LEAF1 (WAF1; HEN1 homologue encoding a putative small RNA methyltransferase] indicate that the small RNA pathway plays important roles in determination of adaxial/abaxial polarity in the lemma and palea (Itoh et al., 2000; Nagasaki et al., 2007; Abe et al., 2010; Toriba et al., 2010) .
Lodicule development
The lodicule is a grass-specific scale-like organ that forces the flower open through its rapid swelling (Hoshikawa, 1989) . Based on its position just outside the stamens, this suggests that the lodicule is equivalent to the petal of eudicots, but several interpretations of the lodicule identity had also been proposed (Clifford, 1987; Whipple et al., 2007) . Consistent with the hypothesis that the lodicule is the petal equivalent, central to lodicule development are the grass B-class genes (Ambrose et al., 2000; Nagasawa et al., 2003) . In eudicot species such as Arabidopsis or A. majus, the B-class function that controls petal and stamen development is exerted by a heterodimer of closely related MADS-box proteins, which are encoded by two subfamilies of genes, the APETALA3 (AP3)/DEFICIENS (DEF) subfamily and the PISTILLATA (PI)/GLOBOSA (GLO) subfamily (Sommer et al., 1990; Jack et al., 1992; Tröbner et al., 1992; Goto and Meyerowitz, 1994; Purugganan et al., 1995; Zachgo et al., 1995; Riechmann et al., 1996) . In rice, SUPERWOMAN1 (SPW1)/MADS16 is the sole AP3 orthologue, whereas MADS2 and MADS4 are paralogous PI orthologues probably generated by an ancient gene duplication event (Mü nster et al., 2001; Nagasawa et al., 2003) . Whereas SPW1 and MADS2 are expressed in the lodicule and stamen primordia, MADS4 is expressed in the stamen primordia but not in the lodicule primordia (Nagasawa et al., 2003; Yoshida et al., 2007) . In a yeast two-hybrid system, SPW1 forms a heterodimer with both MADS2 and MADS4 (Yoshida et al., 2007) . Loss of function of SPW1 causes transformation of the lodicule and the stamen into mrp-and carpel-like organs, respectively ( Fig. 3H ; Nagasawa et al., 2003) . In the case of the two rice PI orthologues, they have unequally redundant roles in lodicule development. RNAi-mediated suppression of MADS2 plants produces elongation of the lodicule, which is similar but less severe than that of spw1, suggesting that another redundant factor (probably MADS4) is involved in lodicule development ( Fig. 3I ; Prasad and Vijayraghavan, 2003; Yao et al., 2008) . In contrast, MADS4 RNAi lines show no morphological defects in the lodicule ( Fig. 3J ; Yoshida et al., 2007) . However, the double RNAi of MADS2 and MADS4 enhances the phenotype of MADS2 RNAi; the lodicule is completely transformed into an mrplike organ, analogous to the phenotype of SPW1 loss of function, indicating that MADS2 plays a major role whereas MADS4 plays a minor but redundant role in rice lodicule development (Figs 2B, 3K; Yao et al., 2008) . Based on the phenotype and expression pattern of SPW1 in the mutant, OPB is thought to have a role in lodicule development by positively regulating B-class activity (Horigome et al., 2009) .
According to the ABCDE model, AP1/FUL and AP2 (encoding non-MADS-box proteins) orthologues for A-class function, and/or SEP/AGL6 orthologues for E-class function would also be required for development of whorl 2 organs (Rijpkema et al., 2009) . Available data indicate variable but overlapping expression patterns of rice AP1/FUL-like genes, such as MADS14/15/18, throughout the spikelet (Moon et al., 1999; Kyozuka et al., 2000; Pelucchi et al., 2002; Fornara et al., 2004; Preston and Kellogg, 2007) . These data suggest the main function of grass AP1/FUL-like genes is in the transition to flowering rather than in specification of floral organs including the lodicule. Indeed, a mutant allele of MADS15 does not seem to cause any defects in the lodicule . However, further analyses with the combinatorial mutants would reveal the detailed function of the rice AP1/FUL-like genes. Also, the roles of rice AP2 orthologues, which are likely to be negatively regulated by miR172, are also unknown. However, interestingly, mutations in the target site of miR172 in the barley AP2 homologue, cleistogamy1 (cly1)/HvAP2, disturbed lodicule development, and transgenic rice plants overexpressing miR172 show an elongated lodicule, suggesting that a critical balance between miR172 and AP2 transcripts is required for normal development of the lodicule (Zhu et al., 2009; Nair et al., 2010; Zhu and Helliwell, 2011) .
As regards the AGL6-like genes, whereas mfo1 mutants show lodicule elongation and ectopic lodicule formation between the stamen and palea (Fig. 3E) , RNAi lines for the MFO1 paralogue, MADS17, show no phenotype. However, concomitant suppression of MFO1 and MADS17 enhances the lodicule phenotype of mfo1, resulting in transformation of the lodicule into a green glume-like organ. These results indicate that a redundant function of MFO1 and MADS17 is required for identity specification and patterning of the lodicule .
Concerning the function of E-class genes, although LHS1 (LOFSEP clade) is not expressed in the lodicule, the lodicule is somehow elongated like the glume in lhs1, suggesting its indirect role in lodicule specification (Jeon et al., 2000; Agrawal et al., 2005; Prasad et al., 2005) . Concomitant suppression of rice MADS7 and MADS8 (SEP3 clade) caused transformation of the lodicule into mrp-like organs, whereas down-regulation of either MADS7 or MADS8 alone did not produce a lodicule phenotype. These results indicate that MADS7 and MADS8 are equally redundantly necessary for lodicule identity specification, possibly through a multiprotein complex with other MADS-box proteins, consistent with the action of Arabidopsis SEP-like proteins (Cui et al., 2010) .
In addition to B-class and SEP/AGL6-like genes, the Cclass rice MADS3 regulates lodicule patterning. In contrast to the general grass floret harbouring three lodicules, rice has two lodicules, suggesting that formation of the third lodicule was genetically suppressed in rice during its evolution. Based on its mutant phenotype, MADS3 is thought to suppress the third lodicule that is normally abolished in the wild-type floret in rice . The apo1 mutants have ectopic lodicules and a stamen-to-lodicule transformation, suggesting that APO1 suppresses lodicule identity by positively regulating C-class function either directly or indirectly (Ikeda et al., 2005) .
Stamen development
The genetic mechanism of stamen development is largely conserved between rice and model eudicots. In Arabidopsis, B-, C-, and E-class MADS-box proteins form higher order protein complexes, leading to stamen specification (Honma and Goto, 2001) . Similarly, all rice B-class genes, SPW1, MADS2, and MADS4, are required for the specification of the stamen as well as the lodicule. Whereas the lossof-function mutants of the sole AP3 orthologue SPW1 cause transformation from stamen to carpel-like organs, RNAi-mediated suppression of either of the PI orthologues, MADS2 or MADS4, causes apparently normal stamens (Fig. 3H, I ). Similar to the case of lodicule specification, concomitant suppression of MADS2 and MADS4 results in a stamen-to-carpelloid phenotype analogous to that of spw1, indicating that these genes are roughly equally important for stamen specification (Fig. 3K) . However, more in-depth inspection revealed that stamens of MADS2 RNAi plants are indehiscent, unlike the dehiscent stamens of MADS4 RNAi, thus MADS2 has a more important role for stamen dehiscence than MADS4 (Yao et al., 2008) . The C-class genes, rice MADS3 and MADS58, also show unequal redundancy in stamen specification. Severe mads3 mutants show a much more severe stamen-to-lodicule phenotype compared with that of MADS58 RNAi, suggesting that MADS3 plays a more important role in stamen development than MADS58 . The E-class SEP3 clade of genes, rice MADS7 and MADS8, are almost equally required for stamen specification, as revealed by double RNAi experiments (Cui et al., 2010) . Additional to these genes predicted from the ABCDE model, AGL6-like MFO1 regulates patterning of the stamens because mfo1 has a reduced number of stamens .
Apart from the MADS-box genes, OPB is probably involved in stamen specification via positively regulating Bclass function, because severe alleles of OPB, such as sl1 or osjag, show stamen-to-carpelloid transformation (Horigome et al., 2009; Xiao et al., 2009; Duan et al., 2010) . In contrast, DL suppresses formation of stamens in whorl 4 by negatively regulating SPW1 expression ( Fig. 3L ; Nagasawa et al., 2003) .
Carpel development
In Arabidopsis, the C-class gene AGAMOUS (AG) is the major determinant for carpel identity and FM determinacy in whorl 4 (Bowman et al., 1991) . In further detail, AG acts redundantly with SHATTERPROOF1 (SHP1) and SHP2 in carpel specification, and predominantly acts in termination of the FM by suppressing WUS (Lenhard et al., 2001; Lohmann et al., 2001; Pinyopich et al., 2003) . The C-class proteins form a tetramer with E-class proteins to exert carpel identity (Honma and Goto, 2001 ). However, single or concomitant suppression of the two rice AG-like genes, MADS3 and MADS58, does not cause loss of carpel identity in rice. In whorl 4, whereas the mads3 mutants develop multiple carpels, MADS58 RNAi causes an abnormal cup-shaped carpelloid with reiterative florets consisting of lodicule-stamen/lodiculoid-carpelloid emerging from the flower centre. MADS58 RNAi combined with the mads3 mutation does not enhance the carpel phenotype, suggesting that MADS58 has a dominant role in carpel morphogenesis, but a different mechanism underlies carpel specification in rice . Interestingly, it was found that a predicted gene, Os05g0203600, is closely related to C-class MADS-box genes (HY, unpublished data). Because the Os05g0203600 gene locates next to MADS58 (Os05g0203800) on chromosome 5, it is probably generated by a tandem duplication event. An expressed sequence tag (EST) clone corresponding to this locus has been identified from flower, indicating its expression. Although the annotation by RAP-DB (http:// rapdb.dna.affrc.go.jp/) and the present manual inspection suggest that Os05g0203600 putatively encodes an incomplete MIKC-type MADS-box protein lacking parts of the M-and K-domains, and the full C-domain, further analysis of a full-length cDNA clone is necessary to reveal its precise gene structure. Careful inspection of MADS3, MADS58, and Os05g0203600 may clarify the genetic mechanism of carpel development operated through the rice C-class genes.
The apo1 phenotypes partially resemble those of C-class mutants, suggesting that APO1 may positively regulate the C-class function (Ikeda et al., 2007) . In contrast, mutants for DL, which is closely related to Arabidopsis CRABS CLAW (CRC) that partially controls carpel development, show carpel-to-stamen transformation, indicating that DL specifies carpel identity in rice ( Fig. 3L ; Bowman and Smyth, 1999; Yamaguchi et al., 2004) . DL may have evolved a grassspecific function in carpel development via acquisition of a novel expression pattern or protein function. Antagonistic action between DL and SPW1 explains the carpel specification function of DL (Nagasawa et al., 2003) .
Because an Arabidopsis E-class protein, SEP3, required for C-class function, has been reported to form a higher order complex with AG (Pelaz et al., 2000; Honma and Goto, 2001 ), the rice SEP3-clade proteins, MADS7 and MADS8, which are normally expressed in the carpel, may form multiprotein complexes with MADS3 and/or MADS58. Although protein interaction between MADS3/ 58 and MADS7/8 is not reported, RNAi-mediated concomitant suppression of MADS7 and MADS8 causes reiterative carpel-like organs that are partially related to the phenotype of the C-class mutants (Cui et al., 2010) . These results suggest that MADS7 and MADS8 are redundantly required for carpel development and determinacy.
Ovule development
The ovule is the last organ to develop in the flower, thus its development is closely related to FM determinacy. Despite the fact that the genetic players involved in ovule development and/or FM determinacy are largely conserved, patterns of ovule development and FM destination are diverged among angiosperm species. For example, FMs of Arabidopsis and Petunia are exhausted as a pair of carpels and placenta, respectively, each of which produces ovules thereafter (Colombo et al., 2008) . In Arabidopsis, the D-class gene SEEDSTICK (STK) is responsible for ovule specification redundantly with AG and SHP1/2, whereas AG independently of SHP and STK specifies FM determinacy (Pinyopich et al., 2003) . In contrast, rice FM is not exhausted as either carpel or placenta because expression of OSH1, a molecular marker of indeterminate cells, persists after initiation of carpels (Yamaki et al., 2011) . In rice, the D-class gene MADS13, but not its paralogue MADS21, is required for specification of ovule identity. Based on the repetitive formation of ectopic carpels without ovules in mads13 mutants, Dreni et al. (2007) suggested that MADS13 controls ovule specification and FM determinacy, and that rice FM is directly exhausted as an ovule (Dreni et al., 2007) . In contrast to this proposal, a recent study revealed that the ovule is a lateral organ generated from the ovule founder region (OFR) through the action of MADS13, and that FM is exhausted independently of MADS13 activity after laterally bearing an ovule (Yamaki et al., 2011) . The CK-activating gene LOG is also required for establishment of an FM of sufficient size to initiate the ovule primordia (Yamaki et al., 2011) .
After initiation of ovule primordia, the megaspore mother cell, integument primordia, and embryo sac sequentially differentiate. MFO1 and the as yet unidentified GYPSY EMBRYO (GYM) are required for correct development of the integument (Yamaki et al., 2005; Ohmori et al., 2009) . In ovule development, MFO1 (and probably MADS7 and MADS8) is thought to act in a complex with MADS13, as deduced from the result of yeast two-hybrid experiments (Favaro et al., 2002) . Consistently, MADS7+-MADS8 double RNAi plants show repetitive formation of ectopic carpels (Cui et al., 2010) .
Floral meristem determinacy
In Arabidopsis, mutations in AG cause repetitive formation of sepals and petals. AG controls FM determinacy by suppressing expression of WUS, which maintains the stem cell population (Lenhard et al., 2001; Lohmann et al., 2001) . In contrast, rice C-class genes are subfunctionalized. Whereas MADS58 has a crucial role in regulating FM determinacy, MADS3 has a minor role in this process. Differential expression patterns and possibly protein interaction patterns may explain this functional diversification . Although the functional rice orthologue of WUS has not yet been identified, it is plausible that MADS58 (and MADS3 in part) suppresses the potential WUS orthologue. An indeterminate carpelloid phenotype observed in apo1 can be interpreted as a defect in promoting expression of the C-class genes by APO1 (Ikeda et al., 2007) .
Genes encoding proteins interacting with C-class proteins in whorl 4 are also involved in the regulation of FM determinacy. In Arabidopsis and Petunia, SEP1/2/3/4 and FBP2/5 genes are probably redundantly involved in this step, respectively (Pelaz et al., 2000; Honma and Goto, 2001; Ferrario et al., 2003) . In rice, double RNAi for MADS7 and MADS8 causes ectopic carpels inside the original carpel, and concomitant suppression of LHS1, MADS5, MADS7, and MADS8 results in formation of an ectopic branch-like structure inside a spikelet (Cui et al., 2010) . Furthermore, mutants for either MFO1 or LHS1 cause emergence of a novel spikelet inside a spikelet, showing weak loss of FM determinacy. Knockdown of both MFO1 and LHS1 causes severe loss of FM determinacy or lack of inner floral organs, indicating these two genes redundantly regulate FM maintenance and termination ( Fig. 3F, G ; Ohmori et al., 2009) . Although the specific function of MADS5 in flower development is unclear, these results indicate that at least MFO1, LHS1, MADS7, and MADS8 act redundantly in regulating FM determinacy. Probably, rice SEP/AGL6-like proteins function by interacting with C-class proteins, reminiscent of the case in Arabidopsis and Petunia (Fan et al., 1997; Rijpkema et al., 2009) .
Conclusions
Grass species are the most important source of global food supply, as substantially supported by the long history of crop breeding to establish a higher yield. The global population has increased by 30% in the last two decades, and within the next four decades it is predicted to increase further by >50% (http:// www.un.org/esa/population/unpop.htm). To support such a population explosion, we need much higher yields from cereal crops. Thus, it is becoming more important to elucidate the genetic mechanism of grass flower development using rice as the model species. Whereas basic structures of sexual organs are conserved between grass and other angiosperm species, the structures and organization of perianth organs and the inflorescence are unique. In theory, such characteristic systems of the grass inflorescence/flower may have evolved through: (i) neofunctionalization (novel gene expression patterns and/or novel protein function); (ii) subfunctionalization (complementary degenerative mutations); and (iii) nonfunctionalization, of floral genes common between grass and other angiosperm species (Ohno, 1970; Force et al., 1999; Duarte et al., 2006) ; or (iv) possible recruitment of as yet unknown grass-specific floral genes. In particular, as overviewed in this review, spatial and temporal control of the meristem identity transition is key to determining the number and shape of the spikelets (i.e. the crop yield). It should be possible to realize such innovative improvement to cereal yields by efficiently utilizing novel genetic/genomic technologies and information on rice flowering.
Supplementary data
Supplementary data are available at JXB online. Table S1 . Genes involved in rice flower development.
